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SUMMARY AND RECOMMENDATIONS
The purpose of this contract was to examine non-reserve primary
battery systems with the combined properties of long unattended shelf-
life and electrical output compatible with future space missions. Two
alternate concepts were explored. First, solid state batteries, and
secondly, possible ways of reducing zinc electrode corrosion in alkaline
batteries (e.g . , mercury/ zinc).
I. Solute Batteries
The development of a solid state battery based upon the recently
discovered highly conductive solid electrolyte RbAg 415 is described.
Special attention is given to the electrical performance of the
system over a wide range of electrode thicknesses, temperatures
and discharge rates. The operating conditions were chosen such
that an overall profile of the battery performance was obtained.
The data reported in the form of discharge curves have been
reduced to provide families of graphs showing power and energy
density.
The range of cell thicknesses, temperatures and discharge rates
used are reported in Table I. Also shown in Table I are the .ranges
of the res7 -ilting power and energy densities, based upon the weights
of electrolyte and electrode materials only. The weights of packaging
materials and inter - cell connectors were not included in the calculations.
The energy density penalty incurred will, of course, be a function of
overall capacity and voltage required, i. e., number of cells 3 their
thickness and diameter. As an example of an actual packaged system,
consider a one inch diameter x 0.8 inch high, 1. 98 volt, 440 mA-hr
battery. The energy density based on the electrode plus electrolyte
weight at room temperature at the C/ 150 rate is 14.4 W-hr/lb.
When the weight of packaging, including a stainless steel can, is
included, the energy density falls to 9. 0 W-hr/lb. This penalty is
less severe than with conventional (liquid) systems. The energy
density is also less temperature dependent. At +165 P
 +70^ 0, and
-65°F, the energy densities of this battery are 10. 6 p 9. 01 8. 0, and
3. 0 W-hr /lb, respectively.
r
The solid electrolyte battery has been demonstrated to be a viable
electrochemical power source. Although the intrinsic energy
density is lower than that of other systems
.
, there are other
advantages which are controlling for certain applications. The long
shelf - life obtainable from the system is particularly suited to
deep space fly- by missions and other applications where power is
needed on an intermittent basis. The relatively constant energy
density over the temperature range reduces the need for thermal
control or design of excess capacity where lower temperature
operation is demanded.
i
Operation of the solid electrode: is a result not only of the high
ionic conductivity of the electrolyte, but also of the mass transfer
and charge transfer characteristics of the system.. Development
of a basic understanding of these processes, their mechanisms and
limitations, will be important to the further improvement of per-
formance.
Table I
	 Power and Energy Density Ranges of the Solid State Battery
as a Function of Cell Thickness, Temperature and
Discharge Rate (1)
Temp.
F
Discharge
Rate
Current
Density,
mA/ cm
Power Density
W/1b.
	
( )(Initial Power
Energy
Density(,)
'W-hr/lb.
-65 0.007C-1.7C 0.10- 12.8 0.04-0.49 0.13-4.9
0 .007C-1.7C 0.10-12.8 0.04-1.7 1.8-13
+70 .007C - 1.7C' 0.10 - 51 0.04 - 7.5 2.3 - 14
+165 .027C - 6.7C 0.40 - 205 0.18 - 37 1.8 - 17
(1) 0.040" electrolyte thickness, total cell thickness in the range 0.058"
to 0. 182.(2) Based on weight of anode, cathode and electrolyte only,
II. Reduction of Zinc Electrode Corrosion in Alkaline Batteries
The effect of selected inorganic additives on the co.r.osion rate of
zinc in KOH has been investigated. Three of the six studied, viz.
lead, cadmium and tin were found to decrease corrosion, while
the other three, viz. , arsenic cobalt and copper increased
corrosion.
The screening tests were run at 60°C in 3016 KOH using zinc sheet
as the corrosion sample and additives in the concentration range
of 0. 01 mg/ I to 100 mg/ 9. These additives are all more noble
than zinc and are consequently reduced onto the zinc substrate by
chemical replacement. Table II summarizes the data obtained
With additive concentration 100 mg/ g. These results suggest that
the use of additives such as lead could be beneficial as a means of
extending the wet stand-life of alkaline batteries utilizing zinc. At
the same time, the existence of certain materials which can accelerate
corrosion emphasizes the need fo-z careful control of impurity levels
in battery fabrication.
ii
4Table II
	 Effect of Additives on Corrosion Rate of Zinc in 30% KOH at 60°C
Additive Average Corrgsion Rate
100 mg/I mg Hz /cm /day
Co ++
 7 5
As +++ 59Cu++ 4.3
Blank 1. 1
Sn++ 0.5
Cd++ 0.06
Pb++ <0. 001
A more thorough investigation was conducted in the case of lead
which exhibited the most pronounced effect. This included the
effect of KOH concentration and the presence of dissolved zincate.
Also preliminary tests were conducted with commercially pro-
duced porous zinc elec*rodes, with which a similar although not so
dramatic decrease in corrosion was effected. Simple immersion
of the porous zinc electrode into KCIi containing 100 mg/,I of plumbate
ion was not effective in reducing corrosion. But, when the electrode
had been pre-treated in electrolyte containing a high lead concen-
tration (0. 1M) the corrosion rate was diminished by about a factor
of four. At the same time the discharge behavior was apparently
unaffected.
The concentration of plumbate ion in the electrolyte, as well as the
method of addition to the electrode, need further investigation in order
to optimize the electrode protection effect.
The mechanism whereby lead (and the other materials) protects a
zinc electrode from corrosion is not entirely understood. Thus,
it is difficult to rationalize a decrease in corrosion with the two
experimental facts
iii
(L)	 That the electrode potential was changed less than
. 03 volt as a result of lead treatment, and
(2)	 That lead has a lower hydrogen overvoltage than zinc.
Thus from the fact that the normal zinc potential was retained one
might infer that the zinc surface became only partially covered with
leads and yet such an electrode would be expected to corrode
more readily as a result of the existence of local couples, with
hydrogen being evolved preferentially at the more active ,lead
sites.
It is concluded that the use of inorganic additives has real promise
as a means of extending the shelf-life of alkaline batteries with
zinc anodes. It is recommended that further work be done on:
(1) Verification of these findings with practical electrode
structures
(2) A detailed analysis of the fundamentals of zinc electrode
protection
(3) An evaluation of the feasibility of improving the perfor-
mance of other battery electrodes by the use of additives.
k
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I. THE "11 MULTIPLE -RESERVE' BATTERY CONCEPT
The need to develop primary batteries with improved shelf-life character-
istics is becoming increasingly important. Storage in the activated state
for extended periods of time, particularly at elevated temperature results
in loss of capacity and degradation of cell components. Sor ge. aqueous
systems, for example those which utilize zinc, evolve hydrogen on open-
circuit and this frequently results in bursting open of the cell.
Military and space applications present the most stringent regairernents
for both operation and storage iavi extreme environments. But, tx ere
is also an increasing desire to employ primary batteries in commercial
situations where shelf-Life and reliability are important factors, and
the capabilities of the battery industry are becoming increasingly
strained in their efforts to satisfy these requirements.
For certain situations e.g. ordnance stockpiling where long shelf-life(say, 10 years) is mandatory it has been necessary to develop so-called
reserve systems: Reserve batteries can be subdivided into two main
types; hest-activated (thermal batteries) and gas- or liquid-activated
batteries. A. large variety of complex electrode and electrolyte com-
binations have been proposed for both types. En,°rgy density is traded
off for shelf-life and a typical reserve design may - nerate at only 2510 of
the energy density of an advanced "primary". The three most active
and advanced systems are the thermal, liquid ammonia, and lead-acid.
As one would expect, molten-salt systems outperform all others as a
consequence of the increased reaction rates at elevated temperature.
The principal bonus gained from, the liquid ammonia and thermal systems
is the capability of operation at very lover (e.g., -65°C) temperatures.
The objective of the present contract is to examine the feasibility of
developing a battery with a "multiple reserve" capability for application
in future long-range or -duration space missions. Once a reserve
battery has been activated it cannot be deactivated easily by mechanical
means, In order to extend the principle or. 4w reL'm-,rve battery for multiple-
riaserve operation it would therefore be net. s.sar r to construct numerous
modules, eaiib. one furnishing a specific quantity of energy. Even if
6,ii,s approach provF,d satisfactory one would still Buffer the penalty of
low energy density of the existing reserve systems and it would be
necessary to devise new systerp.s and activation mechanisms affording
a higher energy density and greater reliability, The need for a source
of energy for activation trust also be considered.
The concept of employing a fuel cell with o,n/oafx valves for admitting
oxidant and./or redtic:tant is attractive in principle. Butt,  fuel cells are
complex; only two k;,iriels, both X12 /02 , have been accepted for space
missions and it is uxilikc:.ly that satisfactory mearks couZld be devised for
long-terra storage of reactants, temperature control, water management,
etc. If, of course, a system were to become available utilizing solid
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or liquid Fuel, which could then be added conveniently to the electrolyte,
then a fuel cell may be feasible. However., at the present time, to the
best of our knowledge, such a system does not exist.
Energy density (W-hr/lb and W-hr/cu in) is invariably an important
consideration in the selection of batteries for space and most military
applications. Long shelf-life and high energy density are mutually
exclusive properties with conventional systems: any aqueous electro-
chemical system which has a high voltage, i. e. , greater than that
required to decompose water and is capable of being discharged at high
rates has a tendency to self discharge on activated stand. In looking
for systems with long shelf-life one should therefore not restrict one-
self to those which possess the highest intrinsic energy density, but
include others which 'by virtue of exceptional stability will still deliver
adequate power and energy after the expiration of five to ten years or
whatever period is specified.
Obviously, the most desirable solution would be a non reserve primary
battery with ade uate shelf-life. Two alternate approaches were
chosen for the present study. Both of these are non-reserve primary
batteries which offer the potential of providing adequate power and
energy density after storage at temperatures up to +74 0 0 for periods
of several years.
Solid State Batteries
The first approach is the ou'Lcome of an intensive research and develop-
ment program which has been underway at Atomics International for the
past 3 to 4 years. This program was made possible by the discovery
of materials possessing exceptionally high ionic conductivity in the
solid state. The re. arkable physical and chemical properties exhibited
by these materials were such as to establish, for the first time, the
practicality of a generation of solid state batteries which would be com-
petitive in terms of electrical performance with conventional (liquid)
systems. Indeed, under certain conditions, e. g., operation at very
low temperatures, their performance can exceed that of liquid systems.
At the same time, an extra bonus is derived from the exceptional
stability and workability of materials in the solid state. The solid state
battery which has now been developed can be fabricated in a wide
variety of shapes and sizes. It is not a higb energy density system, i.e.,
it offers about 15` W-hr/lb, but when considered in conjunction with its
long shelf-life capability, it becomes for many applications the only
valid choice.
Zinc Electi ode Corrosion in Alkaline Primary Batterie s
The second approach represents an attempt to improve the shelf-life of
alkaline primary batteries which utilize zinc. Specifically the objective
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was to devise a means of ;reducing the rate of self-discharge of the zinc
electrode. Zinc corrosion is regarded as perhaps the major shortcoming
of such systems. This is certainly true in the case of mercury batteries
as a consequence of the very low solubility of mercuric oxide in potassium
hydroxide.
Am.algama-,.on is the only way which has been found to date for reducing
corrosion, at the zinc electrode. However, a penalty is incurred in that
the discharge behavior is adversely affected and moreover, the corrosion
rate of even heavily amalgamated electrodes is still of such a magnitude
that shelf-life at elevated temperature (e. g. 74°C) cannot be relied upon
for longer than a few months.
Mercury is, of course, employed as an additive because of its extremely
high hydrogen overvoltage, but the possibility that other materials, not
necessarily possessing a very high hydrogen overvoltage might be bene-
ficial has been neglected in the past. In the present work the effect on zinc
corrosion of a variety of additives is reported. Three materials of
those tested were found to have a strong effect in reducing zinc corrosion.
At the same time, somewhat surprisingly, no deterioration in electrode
discharge behavior resulted from the presence of the additive. Although
the extent of the work performed under the present 3-month contract was
necessarily rather limited, sufficient data were gathered to show that this
approach has real virtue and is worthy of further attention.
3
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H.	 SOLID STATE BATTERIES
Introduction
Early solid state batteries (1) suffered from the lack of a sufficiently con-
ductive solid electrolyte: current densities were limited by a combination
of ohmic factors and concentration polarization with respect to the con-
ducting metal ion (usually Ag + ) and the prospects of their finding widespread
applications, even in microcircuitry, were dim.
This situation was dramatically changed in 1965 by the discovery (2) of a
new family of compounds of formula MA9 415, (whore M = K, Rb, NH4
or to a limited extent Cs) possessing extremely high ionic conductivity
in the solid state. The conductivity of these electrolytes at room temper-
ature was found to be 0.26 xL 1 cm-1 (cf. 0.6 m-1 cm-1 for 30% KO pT_ at
room temperature). A linear relationship  was found between log conductivity
and inverse tempev?,ture over 'the range -65 to +150°C, corresponding to an
activation energy of 1.7 Kcal/mole.
The rubidium compound was found to possess the most desirable character-
istics for device applications: The ammonium and potassium analogues
decompose readily in the presence of water vapor. A thermodynamic
study revealed that RbAg4I5 is metastable below 27 ° C. The rate of the
decomposition reaction, -Hz. 2RbAg 415 -+ Rb2AgI + 7AgI was shown,
however, to be impercept bTy small, and it appeah that a shelf-life in
excess of 10 years is readily attainable.
The crystal str cture of RbAg 4I5 was determined from single-crystal x-ray
diffraction data(3 ). There are four RbAg4I5 molecules in a cubic unit cell.
The arrangement of the iodide ions, in the unit cell which is similar to
that of P-manganese, , provides 56 iodide tetrahedra per unit cell. The
latter share faces in such a manner as to provide diffusion paths for the Ag+
ions and thereby account for the ionic conductivity of the crystal.
Table I summarizes the main constants which have been determined for the
compound RbAg 4I5 which has been the subject of most of the research effort
in this area to date.
Results and Discus sion
(1) Parametric Study
A parametric study on the solid state battery was performed as part of
the in-house program at Atomics International. Three variables were
in^restigated.
(a) Discharge rate over the range C/ 150 .to 6.7 C corresponding to
current densities in the range 0.1 mA/cm2 - 205 mA/cm2
depending upon electrode thickness.
4
TABLE I
Physical and Chemical Constants of
RbAg415
1. Diffusion Coefficient of Ag+ ; Do = 3 x 10 -6 cm2 / sec	 i
(determined by a tracer technique (4)).
2. Transport number of Ag+ ; tAg+ = 1.00 t 0.01
(determined by Hittorf technique (5)
3. Density,	 p = 5.37 g/c. c.
(determined from x-ray diffraction data (3)
4. Standard Fred Energy of formation; AG* -142.3 f 0.1 Kcal/mole
from the elements
(determined by E. M. F. measurement (6)
5„	 Electronic conductivity; a <10-11 n -1 cm-1
(determined by Wagner technique).
6. Ionic conductivity (determined by conventional A. C. and D. C.
techniques (2 )):
+ 165 °F, U	 0.39 Z 1 cm-1
r. t. ,	 cr = 0.26 n-1 cm-1
-65 °F, 	 Q = 0.09n 1 cm-1
7. Melting point(2) = 232 ° C.
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Temperature	 -65 to + 165°F.
Electrode thicknesses, corresponding to theoretical cell
capacities (based upon weights of active materials) in the
Arange 15 to 120 m-hr/ cm .
Three other possible variables were held
Storage life; cells were tested within two weeks
fabrication.
Electrolyte thickness;
Electrode area;
Storage life was not included as a variable for several reasons:
It was intended that the data reflect performance
attainable at time zero.
Loss of cell capacity during storage at elevated temperatures
has occurred from time to time in this program. The cause
of this is the diffusion of iodine from the cathode to the anode.
The diffusion process is structure- sensitive and is most
rapid when the electrolyte 'layer contains gross imperfections,
such as fis ,iures and cracks. The latter are difficult to
avoid with tl,.e multiple electrode design (see below) employed
for the parametric study. Iodine will also diffuse to a
certain extent along grain boundaries.
The capacity lone rate with cells employing RbAg41 is* normally
P#_ 20 mA-hr/cm /year at +165°F, while the iodine diffusion rate
through grain boundary frLee single crystals corresponds to a loss
of less than 2 mA-hr/cm /year. By suitable preparation techniques,
the loss rate throb h polycrystalline RbAg4T5 pellets has been reduced
to #— 6 mA-hr / cm year at + 16 5 ° F.
The cell design used in this study is illustrated in Figure (1). For
each of the conditions chosen, one matched anode-cathode pair was
discharged and the full cell voltage recorded. Cell voltage as a
function of percent of discharge is shown in Figures (2) through (5).
Constant current was used in all cases, and the percent of discharge
was based on theoretical capacity of the electrodes calculated from
Faraday's j.aw.
Perhaps the most important feature of these data is the "flatness" of
the discharge curves, even down to the lowest temperatures. Utili-
zation of the electroactive materials, particularly at high discharge
rates, is considered quite good. As is evident from this series of
data, there is an effect of thickness and as one would predict, polar-
ization at the same discharge rate is higher for the thicker electrodes.
The interpretation of the inflection towards the end of some curves is
not clear at this time.
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Figure 2 Solid State Battery Discharge Curves - I5 m,A-br/cmz
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Figure 3 Solid State Battery Discharge Curves - 30 mmA-Wcm2
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Figure 4
	 Solid State Battery Discharge Curves 60 rnA-hs/cmZ
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Figure 5 Solid State Battery Discharge Curves - 120 mA- hr/cm2
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It is important to note that the internal cell resistance doer not
increase significantly during cischarge, inspite of the fact that the
overall reaction involves the formation within the ^ bode of
species with lower ionic conductivity than RbA9415^  y This is
attributed to the extremely high surface area imparted to the
electrode structure by the presence of finely divided, carbon.
Double layer capacitance measurements have .indicated roughness
factors up. to thirty thousand for 0.2 grain of electrode ;structure
with 1 crii4 area.
(2)	 En rgX.and Power Density
The data shown in Figures (2) through. (5) have been reduced to
provide graphs of energy density (W-hr/lb and 'W-hr/cu in) at
different discharge rates, temperatures and electrode thicknesses,
See Figures (6) through (). Thew calculations of energy density
take into consideration the total watt hours obtained under a given
set of conditions and the weight of electrodes and electrolyte. Thn
weight and volume of ai, 0.040" thickness of electrolyte were includedbecause it is the most practical thickness to use at this time for the
best combination of pw:iformance and shelf life. Clearly, if the
electrolyte thickness were reduced to, say, 0.010" there would be
a corresponding increase in attainable energy density. The weight
and volume of packaging is not included in this study because the
factor is so dependent upon the total size of the battery. Thus. the
energy density will be reduced to some extent for a practical
battery. Possible practical designs and corresponding energy
densities are discussed below.
Graphs of energy density vs. peak power density are shown in Figures(10) through (13). Peak power indicate, the number- of watts which the
system is called upon to deliver. The power density was calculated
on the same basis as the energy density. Since constant current
was used for all tests, the power level falls off during discharge.
The peak power density is specifically relevant to space applications
involving intermittent transmission on a fairly low duty cycle, e. g.,
planetary "fly-by" missions.
	 For continuous operation of power
equipment, of course, it would be necessary to average the power
output down somewhat. The ability to provide high: power for short
periods of time is a consequence partly of the very high roughness
factor of these solid state electrodes, and partly the low irternal
cell, resistance.
Battery Design Concepts
One special virtue of this solid state system is, of course, miniaturization*
which fills a need for relatively high voltage low capacity devices, particularly
in the area of ordnance fuzing. But, the system is clearly not restricted in
so far as size is concerned. To date we have restricted our efforts to
relatively small diameter (up to 1 11 ) cell stacks to fit within prescribed
envelopes. Scale-up td a larger unit or, alternatively, fabrication in uncon-
ventional, shapes becomes simply a matter of tooling, i. e., selection of
appropriate dies.
12
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Basod upon the data reported above, the optimum electrode capacity may
be chosen to yield the most favorable power and energy density at any
given discharge rate and temperature. The cell thickness, exclusive of
packaging, is given in Table II «
Table II
Capacity	 Thickness
15 mA-hr cm 	 0.058"
30 mA-hr/ cm 	 0.076"
60 mA-hr/cm2	0.111"
120 mA-hr/ cm2	0.182"
Since battery performance is determined ;by the electrode composition and
thickness, and is independent of the absolute area, one could in
principle make a battery of any diameter, or of any other shape. Solid state
battery components are more easily fabricated into unusual shapes than are
liquid-containing systems. Any number of cells may be assembled either
together in one package or in distant parts of a spacecraft where space is
at a premium. Separately located cells need only be electrically connected,
in series or parallel as desired, to operate as a single battery. The coin-
figuration of the space required is therefore only limited by the thickness
of a single cell. In addition, the wide storage and operation temperature
ranges may allow the use of otherwise wasted space, due to the reduced
need for thermal control.
Table III shows several possible practical battery configurations and the
estimated energy density. One of these, the 1.98 volt, 440 mA-hr battery
is shown in detail in Figure (14). In each case, the cell thickness is
assumed to be 0. 182", and the energy density is based on discharge at
the 150 hour rate, at the temperatures shown. The energy density values
excluding packaging were taken from Figure 9.
As is indicated, the penalty in watt hours per pound due to packaging
varies with battery size and type of container. Stainless steel, while
adding significant weight to the system, is desirable as a container
material to provide effective protection from hostile environments as
well as maximum structural integrity. The configuration and type of
packaging will, of course depend on the application. For example, when
the battery is to be potted with other components into a system, the need
for a metal container may be eliminated.
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III.	 ZINC ELECTRODE CORROSION IN KOH.
Intr oducton
Corrosion is a principal cause for the poor shelf-life of alkalineprimary
batteries utilizing zinc. Zinc. is of course considerably- less noble than
hydrogen and the fact that it can be used at all in a battery is a result of
its relatively high hydrogen overpotential. In order to further increase
the net hydrogen overvoltage it has been found advantageous to amalgamate
the zinc electrode.
Where have been three earlier studies of zinc corrosion i potassium (10)
hydroxide, namely by; R.uetschi( 5 ), Snyder and Lander( 	 Oirkse
Some of the data reported is conflicting. Ruetschi found that increasing
the KOH concentration. increased the corrosion rate, while Dirkse, and
Snyder and Lander found a lower corrosion rate with higher KOH cone en-
tration. Only for Dirkse's data was the surface area known: in 30 - 4072KOH the observed corrosion rate was in the range 0.02 - 0.05 nil H /cm
hour. dirks a and Ruets chi, also found that the presence of dis s olvec
zincate in 30 - 4016 KOH decreased the corrosion rate. The opposite was
found by Snyder and Lander. In the light of the results of the present in-
vestigation, it is believed that the discrepences may be due at least in
part to the effects of small amounts of uncontrolled impurities.
There always exists the possibility of inhibiting corrosion by the use of
additives. This approach has been followed in the present work with the
requirements for multiple-reserve operation being specifically considered.
The theory behind the method, which prompted this study, is as follows:
A small quantity of a soluble inorganic ion is added to the alkalina electro-
lyte. This ion must have the capability of being electro-reduced to an in-
soluble s adherent species (preferably the metal) on a zinc substrate, atpotentials positive (noble) with respect to the zinc electrode. The reduced
species must have, either a high overvoltage or, its reversible potential
be positive to hydrogen. A zinc electrode covered with the reduced
material would then become "passive" or protected. In order to appreciate
how this would operate in a practical system, consider the following
sequence of events:
(l,)	 On stand the zinc surface is coated with a layer of the
protecting material.
(2)	 When the circuit is closed, the potential immediately drops
to the oxidation potential of the protective material which
is consumed and returns to the electrolyte as inns. When
the protective material has been removed zinc can then
freely dkidize at its usual voltage for as long  as power is
required.
24
4
(3)	 When the circuit is opened again, the zinc electrode willbecome coated again with the material (M) by a mixed
electrochemical reaction:
Zn + 4 0H_ -, Zn0 2 ..- + 2 HZ  + 2e
MO 2 '" + 2 X20 + 2e -+ M+ 40H
`l:his sequence will be repeated whenever power s',,) needed. ',rhis can be
imagined as a self-regulating system: power is readily available when
needed and the electrode becomes automatically protected when current
Ceases to flow.
Tho concentration of additive in solution need not be high and several
hours could be allowed for the mixed reactions to become complete. (The
quantity of zinc consumed should be minimal. ) This is in fact desirable
since, when the rate of metal deposition is low the oxidation of zinc can
proceed unimpeded dtiring current drain.
The following materials were chosen as possibly fulfilling these require-
ments: arsenic, cadmium, cobalt, copper, lead and tin.
Ex erimental
1.	 Materials
Electrolyte solutions were prepared with reagent grade (Baker and
Adamson) KOH pellets and distilled water.
The corrosion screening tests were run with 99.9916 Zn ribbonQ. T. Baker).
The source and purity of other materials used as additives were
as follows.-
ZnO 99.5%
CdCl2 99.6%
ICI Analytical. Reagent
CuC1 2 Analytical Reagent
As 20 5 Analytical Reagent
PbO
Sn 99.9%
Cd 99.97
Pb Silver Free
C	 Grade 1
25
Q. T. Baker)
Q. T. Baker)
(Ma llinckr odt: )
(Mallinckrod.t)
(Mallinckr odt )
(Mallinckrodt)
(Industrial Lead and Plastics)
(Alfa Inorganics)
(Sargent)
(United Mineral & Chemical)
d^
Additives were usually introduced into the KOH elt ctrolyte by
controlled anodization of the metal. The effect of direct addition
was also tested in the case of Cu, Cd, Pb and necessarily, As 243.
The effect of chloride icon was independently tested with KGI .
	
2.	 Current/ Voltage Curves
Steady, state E/i data on Zn and other materials were obtuined
potcntiostatically. The mercury / mercuric oxide electrode was
used as reference and graphite as the counter electrode.
	
3.	 Corrosion Studies
The method for determination of zinc corrosion devised by Ruetschi (8 )
was selected as being the most convenient and expedient for the
present work. This consisted of an inverted round-bottomed (100 ml)
fl.ajh attached to a small graduated pipette, the latter being arranged
vertically so as to- form a ^ with the neck of the flask.
The corrosion specimen was placed in the flask and the whole unit
filled with potassium hydr- 1xide. All of the corrosion measurements
were performed at 60°C. The solubility of hd ogen in KOH 1,nder
these conditions is 1-2 ml ^I^ / Q. of solutionl,	and the rate 1-4
escape from the top of the pipette was assumed to be negligib'(,.
In conducting the corrosion test, measurements were started
an equilibration period of one hour to allow for:
(1) The electrolyte coming to temperature, and
(2) Saturation of the electrolyte with hydrogen.
	
4.	 Discharge Curves
The constant current discharge behavior of Zn electrodes, with
and without the presence of Pb in the electrolyte was briefly
investigated. The electrolyte (40% KOH) was purged with nitrogen
to remove dissolved oxygen. Bot-h Zn sheet and practical Zn
electrodes were tested. The counter electrode was Zn sheet and
the reference was Hg/HgO. Experiments were run at room
temperature.
Results and Discussion
	
1.	 Current/ Voltage Behavior
Figure (15) compares the current/voltage be y
 avior for the hydrogen
evolution reactioii on different materials in 30 76 KOH. Since the
intent of the -; ►ork at this stage was not to determine basic kinetic
parameters for the h. e. r., no attempt was made to analyzF this
data by means of Tafel plots. Not surprisingly, except perhaps
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in the case of arsenic which is recognized as a strong poison for
the h. e. r or platinum, all of the materials were found to have a
lower hydrogen overvoltage than zinc.
2,.	 Corrosion Tests
Six different additives were investigated in the course of this work.
Three of these (As, Co, Cu) resulted in an increased corrosion
rate while three (Cd, Sn, Pb) caused the corrosion rate to decrease.
The ,additives were all screened in 30% KOH at 60°C using Zn sheet
as the corrosion sample. The best of these additives was found to
be Pb and following the initial tests this was investigated in further
detail which included:
(1) Effect of KOH concentration,
(2) Effect of dissolved zincate,
(3) Effect of employing practical Zn electrodes of the
type employed in silver/zinc batteries, and
(4) Effect on anode discharge behavior.
(a) Additives Which Increased Corrosion
The additions of As, Co and Cu were found to ac-elerate
corrosion, see Figures (16), (17) and (18). The data are
expressed in terms of ml H /cm ?- of exposed sample area
as a function of time. Included on each graph is a
blank plot for zinc in the absence of any additive. The effect
of arsenic was particularly marked and a concentration as
low as 0.01 mg/Q was seen to double the corrosion rate.
These results offer the qualitative conclusion that the
presence of such material (there are presumably many
others) should be stringently avoided in an alkaline zinc
battery.
The detailed mechanism whereby these ma^t;erials affect the
corrosion of zinc is not understood but a simple interpretation
in terms of lowering the hydrogen overvoltage would not
appear to be valid. This opinion is reinforced by the
facts (reported below) that other materials with a lower
hydrogen overvoltage than zinc had the opposite effect,
i.e., of decreasing corrosion.
(b) Additives Which Decreased Corrosion
The effects of Sn, Cd and Pb on the zinc corrosion rate are
shown in Figures (19)g (Z0) and (2.1). The same blank run as
for the previous data is included on each graph although the
28
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Figure 19	 Effect of Sn++
 on Zinc Corrosion Rate
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scale is changed. Since cadmium species do not readily
dissolve in KOHL there is some doubt as to the actual
amount introduced into the electrolyte. As with As, Co
and Cu the magnitude of the effect on corrosion is a function
of concentration.
For comparison, the volume H2 vs time curves for 100mg/ f
of each of the ions investigated -are shown in Figure (22).
The largest effect was found with Lead. With 100 mg/f
corrosion was virtually stopped; the run showywas con-
tinued to 200 hours and still only (0.01) mf /cm evolved.
Since the beneficial effect was most pronounced in the case
of lead this was chosen for further studies.
(1) Effect of KOH Concentration
Fguta, e (23) compares the "lead effect" together with
blanks in 30% and 40111p KOH. In agreement with the
results of Ruetschi( g 1 the corrosion rate was enhanced
in the higher KOH concentration, presumably as a
result of the greater solubility of the initially formed
,ZnO or Zn(OH) species. This effect was retained when
lead was present.
(2) Effect of Zincate
The cumulative effect of zincate and Pb++ are shown
in Figure (24). The decrease in corrosion rate caused
b zincate alone is in a reP{ent with results reported
by Dir kse and Ruetschi 10 i. Compare Figures (23) and(24). The "lead effect" is still observed even though
the corrosion rate in the absence of lead is already much
lower than that in pure KOH.
(3) Effect of Pb on the Corrosion of Practical Zinc Electrode
Structures
It was found that the corrosion of porous zinc electrodes
was also reduced in the presence of lead. The effect was
not as dramatic as with zinc sheet since (with a porous	 w
electrode) the diffusion of the lead species into the
structure is determinative.
Figures (Z5) and (26) show the data obtained with electrodes
from two sources. Samples were run with and without
the presence of lead. The electrode shown in Figure (25)
was about 3 years old and its source was not determined.
The electrode for Figure (26) was known to have been
amalgamated with 0. 5%n Hg.
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In the presence of 100 mg/f Pb++ the corrosion rate
was diminished by about a factor of 4 for the first
electrode. When the same test was performed with
the other electrode there was no real improvement,.
This was attributed to the high degree of porosity of
the electrode. The electrode was therefore immersed
briefly (5 seconds) in a more concentrated lead
solution (0. 1M) prior to obtaining the lower curve
in Figure (26). In this manner the corrosion rate was
diminished by a factor of about 3. It is felt that by
more careful treatment of the electrode with a lead-
containing solution, tihe level of improvement could
be further increased.
(4)	 Electrode Potential
Surprisingly, the electrode potential was not changed
by more than a few millivolts as a result of treatment
with lead. The mechanism is therefore more complex
than was anticipated before this work began. It is
not sufficient to conclude that the electrode becomes
only partially covered with lead; such an electrode
would be expected to corrode more rapidly by virtue
of the formation of local cells on the electrode surface
the lead presenting sites of low hydrogen overvoltage.
Further study is clearly needed to clarify this
mechanism which could possibly provide the clue to
the obviously complex behavior of the zinc electrode.
3.	 Discharge Behavior
Having shown that it was possible with additives to decrease the rate
of zinc self-discharge, it was important to determine whether the
behavior of zinc as an anode i. e. , polarization and utilization would
be adversely affected. A series of experiments was c:'.rried out to
determine the effect of Pb on the discharge behavior. Figure (27)
shows voltage/time curves for the discharge of a pair of planar zinc
electrodes in 4016 KOH at room temperature, with and without the
presence of lead. (The circled numbers refer to consecutive tests
on a single electrode. )
The removal of lead from the lead-treated electrode at 0.7 volt can
be seen as a short inflection on Figure 27. An open circuit, some of the
the Pb returns to the electrode while some is lost temporarily by
diffusion into the free electrolyte. Therefore, a Pb oxidation
transition is not seen on subsequent discharges. However, the re-
placement reaction involving the Pb which remains near the electrode
can be seen as an inflection at 0.7 volt during open circuit decay.
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POLARIZATION OF 'PLANAR ZINC ELECTRODES
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Figure 28 shows polarization curves for a pair of practical ;fin
electrodes under the same conditions. The oxid p,tion of zinc
was apparently unimpeded by presence of Pb on the electrode
surface. Polarization of the Pb treated electrode was if anything,
less than that of the untreated electrode. Figure 29 shows the
full discharge curves for a fresh pair of practical electrodes at
I amp/cm2 . Again the performance with and without Pb are
remarkably similar.
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